Reactive oxygen species (ROS) generally describe reduction products of oxygen molecules, including H 2 O 2 and hydroxyl radicals ($OH).
1 ROS play a central role in biological processes exerting both benecial and adverse health effects.
2 Several studies have looked into the redox balance between ROS and antioxidants 3 as well as the underlying mechanisms. 4 Among all ROS, $OH is considered as one of the most reactive species; it can attack biomolecules and cause irreversible damage. 5 Thus, experimental quantication and abiotic regulation of $OH under physiologically relevant conditions is an important yet challenging task.
In the last decade, cerium dioxide nanoparticles (CeNPs) have drawn much attention due to their redox properties 6 and potential therapeutic applications (such as treating cardiac ischemia). [7] [8] [9] Efforts have been made to explore the potential use of CeNPs as medicine. 7, 10, 11 The ability of CeNPs in switching the oxidation state of Ce 3+ and Ce 4+ makes it a good candidate to mediate ROS. 6, 12 Direct scavenging of $OH (process ① in Scheme 1), NO$, and OONO À by CeNPs have been investigated. [13] [14] [15] [16] Moreover, previous studies indicated that CeNPs have catalase-and superoxide dismutase (SOD)-like effects (processes ③ and ⑤ in Scheme 1). 
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In contrast to research about the antioxidant activity of CeNPs, inhalable CeNPs have been detected in ambient air and concerns have been raised about their potential adverse health effect. 24, 25 Besides this, additional studies suggested that CeNPs can induce oxidative stress, inammatory signaling response, and cell death upon generating ROS (processes ④-⑥ in Scheme 1) or ROS-messengers. [26] [27] [28] [29] [30] Given the controversies about the benecial and toxic effects of CeNPs, it is necessary to distinguish the anti-and prooxidant activities of CeNPs under physiologically relevant conditions. 31 In this study, we compared the Scheme 1 Fenton reaction and reactive oxygen chemistry of CeNPs. Red and green colors indicate ROS formation and scavenging processes, respectively.
$OH formation and scavenging ability of commercial CeNPs (B 25 and 50 nm) and homemade cerium nanorods (CeNRs) with different physicochemical properties in phosphate buffered saline (PBS) buffer, antioxidant solutions, and a surrogate lung uid (SLF). The SLF was used to mimic the key interface between human respiratory tract and inhaled air. Fig. 1 shows the size, morphology, surface composition, and mass normalized surface area of CeNPs and cerium dioxide nanorods (CeNRs). More information about the applied techniques, sample handling and instrument settings is compiled in Sections S1-S5. † Fig. 1A and B indicate that CeNPs (B 50 nm) and CeNPs (B 25 nm) have a heterogeneous size distribution with average diameters of <50 nm and <25 nm respectively. Moreover, samples of these commercial CeNPs contain predominantly cubic NPs. In contrast, the morphology of CeNRs (Fig. 1C ) is more uniform with a length of $100 nm. Details about the CeNRs can be found from our previous study. 32 In addition to the detection of size and morphology, the specic surface areas of the cerium nanoparticles were determined to be 24.8 AE 0.4 m 2 g À1 (B 50 nm CeNPs) (Fig. 1D 33 The tting based deconvolution of Ce 3d XPS spectra indicates that the concentration of surface Ce 3+ in all these samples is <3%. Such a low abundance of surface Ce 3+ is also supported by the absence of a shoulder peak of Ce 4f electrons at $1.1 eV in the XPS valence band spectrum of the CeNRs samples (Fig. S3 †) . Furthermore, the deconvolution of the XPS spectrum of the O 1s region of the NPs ( Fig. S2 and Table S3 †) indicates that the CeNRs surface contains a much higher concentration of hydroxide than CeNPs. This may correlate with the synthesis method of CeNRs using NaOH as reagent 34 and may play a role in the higher $OH scavenging activity of CeNRs. These differences in chemical composition, morphology, and surface area between CeNPs and CeNRs may result in variations of their redox activity. Fig. 2 shows the trapping mechanism of 5-tert-butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO, panel A) and EPR spectra of aqueous mixtures of Fe 2+ , H 2 O 2 , SLF, and CeNPs (panel B). Fig. 2A shows that BMPO can react with OH radicals and form a BMPO-OH radical adduct. In this way, short lifetime radicals can be probed and characterized by electron paramagnetic resonance (EPR) spectroscopy (EMXplus10/12, Bruker, Germany, see details in Section S5 and 32 we quantied the concentration of BMPO-OH in these solutions. The results are shown in Fig. 3 and Tables S5-S7 CeNPs (B 50 nm) can generate 0-0.8 and 0-0.5 mM $OH in pH ¼ 4.7 (Fig. 3A) and 7.4 (Fig. 3B) PBS, respectively. The generation of $OH by pure CeNPs (B 50 nm) in acidic PBS is consistent with previous hypothesis that acid can catalyze the $OH formation by CeNPs. 36 In contrast to pure CeNPs (B 50 nm), mixtures of 0.1-30 mg mL À1 CeNPs (B 50 nm) with 10 mM of H 2 O 2 can generate 0-5 (pH ¼ 4.7) and 0-3 mM (pH ¼ 7.4) $OH, which also shows a positive correlation with the loading of CeNPs (B 50 nm) as shown in Fig. 3A loss of <2% in our studies. Therefore, we suggest the direct scavenging process (① in Scheme 1), rather than the surface adsorption (② in Scheme 1) and catalase-like (③in Scheme 1) processes to be the dominant reduction pathways of $OH. Fig. 3E shows the $OH scavenging activity of typical epithelial lung uid antioxidants and a surrogate lung uid (SLF). Here, 0.1 mM of glutathione, 0.1 mM of uric acid, and 0.2 mM of ascorbate solutions could scavenge $8%, $14%, and $39% of hydroxyl radicals originating from Fenton reactions of 1 mM Fe 2+ and 10 mM H 2 O 2 in PBS. The SLF showed a similar activity as 0.2 mM ascorbate, i.e. the $OH scavenging activities of individual antioxidants are not additive and decrease in the order ascorbate > uric acid > glutathione. This trend is consistent with previous ndings. To assess the antioxidant activity of CeNPs under quasiphysiological conditions, we explored the $OH scavenging activity of CeNPs and CeNRs in SLF. Fig. 3F shows the hydroxyl radical yield by Fenton reactions in SLF as a function of the CeNPs (B 25 and 50 nm) and CeNRs loading. As the loading of CeNPs (B 50 nm) increased from 0.1 to 10 mg mL À1 , the concentration of $OH in SLF decreased by 38-85%. Within the same loading range, the CeNPs (B 25 nm) exhibited a similar efficiency. Whereas at higher loadings (1-5 mg mL À1 ), the $OH scavenging potential of CeNPs (B 25 nm) was 9-55% higher than that of their 50 nm counterparts. In contrast to CeNPs, the CeNRs showed a much higher $OH scavenging efficiency. Even with a loading as low as 0.1 mg mL À1 , the CeNRs could reduce 88% of the $OH. For CeNRs loadings that exceeded 1 mg mL À1 , no $OH could be observed. The trend of the $OH scavenging efficiency according to CeNRs > CeNPs (B 25 nm) >CeNPs (B 50 nm) is in the same order as the surface area of these NPs (Fig. 1D-F) . Given the low abundance of Ce 3+ on fresh CeNPs and CeNRs surface ( Fig. 1G-H) , we suggest that substantial amount of Ce 3+ may be formed upon interactions of NPs with water. 13 The larger surface area of CeNRs may increase the density of Ce 3+ per unit particle mass and subsequently their $OH scavenging activity. Previous works showed that CeNRs are prone to expose their (110) facets to reactive species. 34 These facets were described as reactive "hybrid structures" between the (111) and (100) 
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It is worthy to note that a real physiologic environment is more complicated than SLF. A large number of redox chemistry processes may alter the agglomeration and distribution of CeNPs and relevant materials, 41 which may eventually inuence its properties including $OH scavenging efficiency and SOD-like characteristics.
42 Thus, characterizing CeNPs or their functionalized derivatives in more realistic environments will be benecial and promising in follow-up studies.
Conclusions
In this study, we compared the ability of CeNPs and CeNRs in scavenging hydroxyl radicals ($OH) under physiologically relevant conditions. We found that CeNPs and CeNRs exert high $OH scavenging activity in both PBS and SLF. In SLF, the $OH scavenging potential of CeNPs increased 4-fold as the loading increases from 0.1 to 10 mg mL À1 . In the same loading range, CeNRs showed 5-50-fold higher $OH scavenging potential than CeNPs, which may be attributable to the higher surface area and defect density of CeNRs. Furthermore, we found the scavenging activity of CeNPs is pH-dependent, exhibiting higher scavenging efficiency under lower pH condition. The observed $OH scavenging efficiency of CeNPs and CeNRs in SLF took into account the effect of antioxidants at concentrations close to the epithelial lung uid, reecting the redox activity of CeNPs and
CeNRs under more realistic in vitro conditions than previous studies. These ndings are of critical importance for a better understanding of the relative ROS scavenging efficiency of CeNPs comparing to conventional antioxidants. Moreover, these results are also important for making accurate doseresponse curves predicting the toxicity or antioxidant characteristics of CeNPs or their functionalized derivatives in biological and environmental processes.
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